Aluminum (Al) alloys have been widely used in the transportation industry. However, most highstrength Al alloys to date have limited mechanical strength, on the order of a few hundred MPa, which is much lower than the flow stress of high-strength steels. In this study, we show the fabrication of nanocrystalline Al alloys with high-density growth twins enabled by a few atomic percent of Co solute. In situ uniaxial compression tests show that the flow stress of Al-Co solid solution alloys exceeds 1.5 GPa, while good work hardening capability is maintained. This study provides a new perspective on the design of high-strength Al alloys for various applications.
Introduction
High-strength, lightweight Aluminum (Al) alloys have raised significant attention due to their potential to improve fuel efficiency in the transportation industry. For instance, the high-strength 7XXX Al alloys are widely used in aircraft and automobile industry [1] . However, the tensile strength of the best commercial Al alloys is ∼ 700 MPa [2] , which is less than that of the highstrength steels, 1-1.5 GPa [3] . Conventionally, several major approaches, such as precipitation, work hardening, and solid solution hardening have been employed to strengthen Al alloys [4] . Furthermore, grain refinement has been widely applied to strengthen Al alloys. For example, by using the cryomilling technique, the flow stress of nanocrystalline Al-Mg alloys with an average grain size of 26 nm reaches 750 MPa [5] . Other severe plastic deformation techniques, such as equal channel angular pressing and high pressure torsion methods, have also been used to obtain high-strength, ultra-finegrained Al alloys [6] . While grain refinement is an effective approach to achieving high-strength in metallic materials, it often degrades the ductility due to the diminished work hardening ability [7] . In comparison to high-energy grain boundaries (GBs), twin boundaries (TBs) can increase the flow stress, while maintaining ductility of metallic materials [8] . In addition, nanotwinned metals have shown good thermal stability and electrical conductivity [9] . Since the twin formability is closely related to the stacking fault energy (SFE) of a material, TBs are more stable in metals with low SFEs [10] . Thus, most previous studies on nanotwinned metals focused on metallic materials with low-to-intermediate SFE. There are much fewer studies on the mechanical properties of twinned Al or Al alloys due to the high SFEs [11] . Deformation twins have been spotted sporadically under high-strainrate deformation [12, 13] or in nanocrystals [14, 15] . It is still a challenge to fabricate high-density twins in high SFE metals. A recent discovery on the twin formation ability of Al shows that specific texture can promote the formation of growth twins [16] . Another approach to introduce twins in Al is to tune energy landscape by altering the alloy chemistry [17] . The addition of Fe to Al matrix can promote the formation of twins, stacking faults and nanograins and thus significantly enhance the mechanical strength of Al alloys [18] . However, it is unclear if the formation of high-density growth twins can also be accomplished in other Al alloys.
In this study, high-strength supersaturated Al-Co alloys were synthesized by using magnetron sputtering. The as-deposited films have nanograins containing abundant 9R phase. In situ uniaxial compression tests inside a scanning electron microscope show that certain Al-Co alloys have flow stresses of ∼ 1.5 GPa with considerable work hardening ability. Density function theory (DFT) calculations show that Co significantly improves the twin stability in Al. This study enriches our capability to accomplish the design of high-strength Al alloys by tailoring twin density and grain sizes.
Experimental details
Al and Al-Co alloy films were deposited by the magnetron sputtering technique on HF etched Si (111) substrates. Cross-section transmission electron microscopy (TEM) specimens and pillars were prepared by focus ion beam (FIB) instrument equipped in an FEI Quanta 3D FEG scanning electron microscope [18, 19, 20] . The diameter and height of pillars are ∼ 500 and 1000 nm, respectively, and the taper angle is less than 2°. The microstructure of Al-Co specimens was examined using an FEI Talos 200X transmission electron microscope operated at 200 kV. In situ micropillar compression tests were conducted by using a Hysitron PI 88×R PicoIndenter with an average drift rate of 0.2 nm/s installed inside the FEI Quanta 3D FEG SEM microscope [21, 22] . The force noise during the compression tests is below 5 μN and the displacement noise is less than 1 nm.
Results
A bright-field TEM image in Figure 1 the discontinuity of the broad 9R phase decorated with the high-density defects.
The as-deposited Al94.2-Co5.8 at.% (referred to as Al-5.8Co hereafter) film also has columnar nanograins as shown in cross-section TEM image in Figure 1 (Fig. S3) .
In situ uniaxial microcompression experiments have been performed on Al, Al-1.8Co, and Al-5.8Co pillars to compare their mechanical behaviors. Figure 2(a-c) compare the morphology of the pillars deformed to different strain levels. A 'ductile' deformation of monolithic Al is observed in Figure 2 (a1-a5), as evidenced by barreling of the pillar. Instead of barreling, the SEM micrographs of the deformed Al-1.8Co pillar show a conical shape geometry after the compression test. No catastrophic failure or cracks were observed up to a true strain of 50% (not shown here). Similar deformation geometry was observed in the Al-5.8Co pillars. The true stress-strain curve for the monolithic Al exhibits a low flow stress, ∼ 220 MPa (Figure 2(d) ). In comparison, the flow stress reaches 950 MPa for Al-1.8 Co. The Al-5.8Co film has prominent strain hardening and a flow stress of 1600 MPa. The strain hardening rate of Al-Co alloys increases rapidly with the addition of Co solute as shown in Figure 2 (e), and the strain hardening exponent of Al-Co alloys increases from ∼ 0.4 to ∼ 0.7, comparing to ∼ 0.2-0.3 for monolithic Al (Fig. S4) . 
Discussions
In general, the formation of growth twins in Al is energetically unfavorable because of its high SFE. From a crystallography point of view, when Al grows epitaxially on Si (111) substrate, the two different nucleus variants have twinned orientation relation. Thus, instead of forming conventional high-energy GBs, ITB boundaries form when the nuclei impinge to minimize the interface energy. This growth-twin formation mechanism also applies to co-sputtered Al alloys grown epitaxially on Si (111) substrate. For instance, Zhang et al. [23] observed high-density ITBs in sputtered Al-Ti thin films. Adding Co solute may drastically increase the energy barrier for the diffusion of Al atoms, resulting in fine columnar grains. Epitaxial growth along the < 111 > direction can promote the formation of growth twins. In addition to ITBs, the abundant 9R phase was also observed in Al-Co alloys. The formation of the 9R phase is not energetically favorable for Al, and even if the 9R phase can be formed, it is often not stable [24] . Under projectile impact induced high-strain-rate deformation, the 9R phase has been observed in pure Al film during post-mortem TEM analysis [12] . The formation of the 9R phase in Al-Co alloy warrants further discussions.
Even though the ITB and the 9R phase may form during deposition, the high SFE may trigger the instantaneous correction (detwinning) of faulted structures to minimize system energy [25, 26] . To understand the formation of stable ITBs and the 9R phase in Al-Co alloy, DFT studies were carried out to calculate the energy profile, the generalized stacking fault energies, related to the detwinning and recovery of a faulted disk.
DFT calculations show that the formation energy of an individual substitutional Co atom is −0.847 eV, in comparison to 1.952 and 0.171 eV for the tetrahedral and octahedral interstitial site, respectively. Hence Co solute atoms prefer to occupy a substitutional lattice site. In order to understand the tendency of Co segregation, the formation energies of Co substitutional pairs are computed. For pairs of substitutional atoms that are located at the first, second, third, and fourth nearest positions, the respective formation energies per atom are −0.881, −0.838, −0.810, and −0.791 eV, suggesting that the closer the Co atoms, the lower their formation energy. But the formation energy of 4 nearest solute atoms (a cluster) is −0.628 eV per atom. This relatively high value means the segregation of Co solute atoms to form clusters is not thermodynamically preferred. However, we anticipate that Co impurity atoms may prefer to segregate to ITBs due to the lower defect formation energy. Recently, DFT calculations of defect formation energy for nanotwinned Ag-Fe solid solution alloy show that the Fe solute formation energy is lower along ITBs than in crystal lattices [27] . In Al-Co thin films, there is no detectable Co segregation before and after micropillar compression tests (Fig. S7) . Further studies are underway to calculate Co defect formation energy along ITBs and CTBs.
To understand the stability of SFs and tendency for detwinning during the film growth process, excess surface energies are calculated for surface trimers and heptamers, as shown in Figure 4 (a) (details of calculations are provided in supplementary materials). The calculated excess energy per surface atom is plotted in Figure 4 (b). The energy barrier for SF recovery by using a heptamer increases from 0.064 eV for pure Al to 0.101 eV with the addition of Co. Therefore, nanotwins and SFs formed during vapor deposition are preserved in as-deposited Al-Co films.
We also analyzed the influence of Co solute on the SFE of Al alloy by calculating the generalized SFE of Al and Al-Co. The calculated SFE of pure Al is 119.9 mJ/m 2 , which agrees with experimental measurements of SFEs, 120-144 mJ/m 2 [28] . Two solute atoms are placed on the two neighboring fault planes. We systematically analyzed the possibility of relative positions of two solutes before and after shearing the upper four layers to annihilate a SF. Among seven feasible paths (shown in Figure 4(c) ) for the SF annihilation in Al-6 at.% Co, path 1 has the lowest formation energy, −0.552 eV/atom. Details of calculations are provided in supplementary materials. Hence we calculated the energy barrier of path 1. As shown in Figure 4(d) , the red curve indicates that the energy barrier of annihilating a SF in Al-Co is ∼ 59 mJ/m 2 , which is greater than the energy barrier for removal of SF in pure Al, ∼ 46 mJ/m 2 . Thus, twins or SFs are stabilized once formed in sputtered Al-Co films.
The best high-strength commercial Al alloys have a flow stress of ∼ 700 MPa [2] . In certain cases, Al-based metallic glasses containing transition metals and rare earth elements, or high percentage intermetallic particles, can obtain a high strength of ∼ 1 GPa [29] . However, the poor ductility hinders the application of the Al-based metallic glasses. In comparison, the sputtered Al-5.8Co alloys exhibit high flow stress, > 1.5 GPa, and substantial strain hardening ability during compression tests. Such high strength is comparable to the advanced high-strength steels. In what follows, the strengthening mechanisms of Al-Co alloys will be discussed.
The grain boundary strengthening induced by dislocation pile-ups can be described by the Hall-Petch relation as σ y = σ 0 + kd −1/2 [30, 31, 32] , where σ y is the yield stress, σ 0 is the friction stress, d is the average domain size, and k is the Hall-Petch slope, which indicates the barrier strength of GBs for the transmission of dislocations [33] . A broad range of k value for Al has been reported due to different microstructure or GB misorientation distributions [34, 35] . The Hall-Petch plots of nanostructured Al and Al alloys with highangle grain boundaries (HAGBs) and 3 (112) incoherent twin boundaries (ITBs) are shown in Fig. S9 . The indistinguishable Hall-Petch slopes between HAGB and ITB indicate that, similar to HAGBs, the ITB is also a strong barrier for the transmission of dislocations. Furthermore, the flow stress of Al-1.8Co (d = 23 nm) deviates from the linear Hall-Petch relation. Softening was not observed even when d = 5 nm for nanotwinned Al-5.8Co films. Such an observation indicates that ITBs in nanotwinned Al alloys prevent softening. The rotation of grains in the top portion of the deformed pillars suggests that ITBs (columnar grain boundaries) migrated during deformation. ITB migration has been observed via in situ nanoindentation of nanotwinned Al [36] . Furthermore, the migration of ITBs through mobile Shockley partials can also lead to grain coarsening. The capability of ITBs to migrate ensures that the high-strength nanotwinned Al alloys can deform under large shear stresses. ITBs in Al are less mobile comparing to conventional HAGBs as the SFE of Al is high, and DFT calculations in this study show that the addition of Co stabilizes ITBs and stacking faults.
In this study, high-density ITBs in the Al-Co alloys act as a strong barrier for dislocation transmission under uniaxial compression tests. The abundant 9R phase, a type of SF, may also contribute significantly to the high strength of the Al-Co alloys. Moreover, the work hardening exponent of Al-5.8Co is ∼ 0.7, which is much greater than that of conventional Al and Al alloys, ∼ 0.2-0.4 [37] . MD simulations on Cu show that the migration of the 9R phase boundary contributes to the significant work hardening [38] . The high flow stress was also observed recently in Al-Fe solid solution alloys with high-density TBs and the 9R phase. When adding ∼ 6 at.% Fe solute atoms into Al matrix, the flow stress of Al-Fe micropillars exceeds 1.5 GPa, and the hardness of the films reaches 5.6 GPa. MD simulations for Al-Fe alloys containing the 9R phase show that the 9R phase is a strong barrier to the transmission of dislocations, and facilitate the deformation at high stress via migration of partial dislocations, thus enabling outstanding deformability [18] .
Conclusions
Al-Co alloys with nanotwins and the 9R phase have been synthesized. In situ compression tests show that Al-5.8Co solid solution alloy has high flow stresses reaching 1.6 GPa with substantial strain hardening ability. Postmortem microstructure analyses show the severe distortion at the pillar top in the form of grain coarsening, detwinning and rotation of columnar grains. DFT calculations show that the energy barrier for detwinning has been increased with the addition of Co. This study may shed light on the design of ultra-strong Al alloys with strength comparable to high-strength steels.
